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Impact of freshwater input into the coastal ocean is most evident in estuaries and in adjacent 
regions 
ROFI: regions of fresh water influence 
ROFI: regions of fresh water influence 
Impact of freshwater input  may act as the dominant buoyancy forcing 
Rhine-Meuse  
Scheldt 
MIssissipi 
Yang-Tze 
Po 
Danube 
Mekong 
An example with the Po river. 
Average runoff; R= 1500 m3 s-1
density difference between fresh water and seawater: ρ-ρ0=Δρ=-25 kg m-3
Recall the buoyancy definition: 
 
 
 
 
Assuming  ρ0=1025 kg m-3, we have the following estimate for the buoyancy input into 
The northern Adriatic Sea: 
 
 
This is equivalent to a buoyancy input by heating at Qmax =200 Wm-2 (the typical Adriatic 
Sea summer rate) over an area S of: 
 
 
 
 
 
ROFI: regions of fresh water influence 
b = −g ρ − ρ0
ρ0
= −g Δρ
ρ0
Rρ0b = −RgΔρ =1500 ⋅9.81⋅25 ≅ 3.7 ⋅105Ns−1
S = − RΔρcp
αQmax
=
1500 ⋅25 ⋅4200
2.14 ⋅10−4 ⋅200 ≅ 3600km
2
α Thermal expansion 
cp:Specific heat 
The Po runoff can then stabilize (in principle) a significant portion 
of the northern Adriatic (its buoyancy input is comparable to the 
one related to heat flux). 
 
This lead to the formal definition of ROFI’s as the region of the coastal ocean comprised 
between the shelf regime and the estuary, where local input of freshwater buoyancy related 
To coastal sources is comparable with (or exceeds) the seasonal input of buoyancy as heat 
occurring over the shelf. 
ROFI: regions of fresh water influence 
S = − RΔρcp
αQmax
=
1500 ⋅25 ⋅4200
2.14 ⋅10−4 ⋅200 ≅ 3600km
2
 
 
 
 
ROFI: transition from the estuary to the shelf regime. 
Estuaries:limited extension region (rotation negligible). 
Cases very similar to the lock exchange experiment with friction but rotation neglected,  
 
 
 
 
 
 
 
however with a constant input of mass (from the river) 
 
 
                                                                                              independent of depth 
                                                                                              directed along x 
                                                                                               parallel to the estuary axis -  
Estuarine circulation  
∂ρ
∂x ∂ρ
∂z = 0
-H 
Under these conditions and in steady state, the linearised  
momentum equation For u (ignoring also horizontal stress) reduces  
To 
 
                              or (posing                         ))                             
 
                                                                                                                      (Kv=Av/ρ0) 
In such a steady flow pressure is hydrostatic. Then is possible to write: 
 
 
 
 
With ρs= surface density (recall also that              is constant with depth). Then substituting: 
 
 
 
Assuming constant eddy viscosity and ρs≅ρ0: 
 
                                            ; posing                 and                      à 
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Estuarine circulation  
Integrating twice with respect to z we have: 
 
 
 
 
The boundary conditions are: 
At surface (z=0): 
 
 
 
 
At the bottom (z=-H):               then the integration constants are:   
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Estuarine circulation  
Then the solution is : 
 
 
 
 
In a steady state the gradients        and       are related trough the condition that the net 
transport must match the freshwater input R per unit width (R=m2s-1)from the river: 
 
                                                      rearranging we find: 
 
And the velocity profile written in term of fractional depth z’-=z/H is: 
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Estuarine circulation  
Let:                                         and                 (fractional depth)   
Solution already obtained for 
The “mixing but no rotation” 
Lock exchange experiment 
(density driven flow) 
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River flow contribution to the 
Velocity field 
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Estuarine circulation  
z ' = zH
The resulting circulation: 
 
                                                              is then composed by a density gradient related flow 
                                                              that at surface is directed seaward: 
 
      
 
                                                               
                                                              and a downstream flow due to river discharge always 
directennnnnbbbv                                  with magnitude decreasing with depth: 
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Estuarine circulation  
 
 
                                                              The density driven component is landward below  
                                                                                             z=-0.42H
                                                               with a maximum speed 
                                                                                            umax= 0.69us
                                                                at 
                                                                                             z=-0.75H 
                                                              this flow interacts with the  density gradient moving                                                                  
                                                              diluted (low salinity) water seaward and denser (saltier) 
                                                              water land ward, to generate the so-called “estuarine       
                                                              circulation” 
-H 
u(z ') = us −8z '3− 9z '2+1( )− 32 u0 z '−1( )
u / us u / u0
Estuarine circulation  
Surface: seaward flow 
“deep”: landward flow 
 
Occurring in estuaries stratified or well mixed. Only requirement: the horizontal density gradient  
Independent of depth. 
Estuarine circulation 
Not only estuaries…..but typical of all basins (semi-enclosed) characterised by: 
 
                                                        (E-P-R)<0  
Freshwater gains due to precipitation and runoff (P+R) larger than fresh water losses due to 
evaporation.  
 
Classical example the Black Sea: At the Bosphorus the circulation is estuarine 
 
                                                                                        due to the strong runoff into the basin 
Estuarine circulation 
By converse, basins characterised by  
 
                                                        (E-P-R)>0  
Freshwater gains due to precipitation and runoff (P+R) smaller  than fresh water losses due to 
evaporation.  
 
Are characterised by an “antiestuarine circulation” 
 
Classical example: the Mediterranean Sea : At the Gibraltar Strait the circulation is estuarine 
ANTI-Estuarine circulation 
Most of the arguments  developed above for the density driven circulation in an estuary applies 
also to ROFI’s, BUT: 
 
•  The horizontal flow is no longer restricted to one dimension by a topographic constraint. The 
response of the density forcing is free to assume a 2-dimensional form. 
•  The increase  in horizontal scales require the inclusion if  of the Coriolis force 
 Low salinity water entering the shelf is deflected back toward the coast to form a coastal 
current. 
 N. Hemisphere: land is to the right of the flow 
ROFI: River plumes 
The Norwegian coastal current 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The buoyancy input is transported away from the “estuarine” source and distributed all over the 
ROFI where it is mixed into the water column.  
Baltic sea 
Low salinity 
Skagerrak 
“Estuary” 
Norwegian 
Coastal current 
SALINITY 
SALINITY Norwegian 
trench 
ROFI: River plumes 
The western Adriatic coastal current.  
ROFI: river plumes 
Current trajectories Salinity 
Fresh water from Po (and may other) rivers 
Advected south along the coast 
Estuarine circulation problem (including Coriolis force) 
 
 
 
 
 
 
 
 
 
 
 
Flow forced (as before) by a depth uniform horizontal gradient in the x direction (normal to the 
coast), and derivatives in y are zero (uniform conditions along shore).. 
The steady state linearised equation system is (as usual) 
ROFI: River plumes 
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Continuity requires that the net cross-shore transport is balanced by the net river water input R 
per unit length of the coast.  
 
 
 
 
 
 
And the boundary conditions are 
 
 
                                                                               (no wind stress) 
 
 
                                                                               bottom stress defined by a linear drag law, with  
                                                                               (ub,vb) being the near bottom velocity 
 
ROFI: River plumes 
H
udz = R
−H
0
∫
τ x z=0 ,τ y z=0( ) = τ w(x ),τ w(y)( ) = 0
τ x z=−H ,τ y z=−H( ) = τ b(x ),τ b(y)( ) = cdρ0 ub,vb( )
The analytical solution is algebraically intricated and give a complicated 
Expression for the velocity profile which is However, given below. 
ROFI: plume dynamics 
H
Along gradient component as in  
the estuarine case  
u v
°: Observations 
---: Analytical solution 
Normal to gradient  
Component increasing 
With distance from bottom 
Persistence of the offshore extent of the flow (radar measumrements) 
ROFI: Plume dynamics 
H
In the low salinity region current vector have 
A predominant N-E orientation 
Radars 
“In-situ” Measurements (adcp) 
The balance between the alongshore and crosshshore  
components of the velocity field is governed by the 
 “Ekman” number (Ek): 
 
 
At  large Ek the friction term dominate over the Coriolis and the flow revert to an “Estuarine” 
regime 
At low Ek the the flow is controlled by a geostrophic dynamics with flow parallel to isopycnals and 
velocity given by 
 
 
 
 
Ek = KvfH 2
ROFI: Plume dynamics 
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ROFI 
Geostrophic 
It is assumed that the plume is bounded laterally by the branches of an hyperbola: 
 
                                                           y2=x2-l2
In absence of Coriolis force the plume shape is symmetrical around the extension of the river (x) 
axis into the Sea (y axis is along the coast, river mouth width =2l). 
ROFI: Plume shape 
H
Distance offshore 
From river mouth normalised by l  
Distance alongshore 
From river mouth  
normalised by l  Vertical Thickness 
Of the plume 
Including Coriolis force the plume shape is no longer symmetrical but deviates to the right (N-
Hemisphere). The extent of the deviation described by the parameter P: 
 
               
                                                                          Nh=horizontal eddy viscosity 
ROFI: Plume shape 
P = fl
2
Nh
a: 500P= 1
b: 500P= 2
c: 500P= 4
d: 500P= 8
e: 500P=16
f:  500P=32
Recall  that the circulation previously analysed was obtained with  the surface boundary  
Condition: 
                                                                                               (no wind surface forcing) 
 
However, the behaviour of a plume might be largely determined by by wind and wind driven 
currents  
ROFI: Plume dynamics 
τ x z=0 ,τ y z=0( ) = τ w(x ),τ w(y)( ) = 0
Columbia River (7300 m3s-1)surface salinity distribution 
Winter Summer Northward currents 
coherent with the 
No wind dynamics 
Plume following 
The coast (close  
to it) 
Southward  winds 
With Ekman 
Component in the 
Offshore direction 
The plume moves 
Offshore and  
Spreads to the  
N-W 
